Introduction
Because native habitats for free-living tigers are rapidly diminishing, captive breeding has become essential for ensuring species survival and maintaining genetic diversity (Seal & Foose, 1983) . Captive propagation programmes, however, are burdened by limited space, geographic separation of individuals and the expense of sustaining a large, carnivorous species (McGuire & Lacy, 1990) . Because approximately 250 individuals of each of the five recognized tiger subspecies are required to maintain adequate genetic diversity (Foose, 1987) , long-term conservation of tigers in captivity is expensive. For these reasons, there is practical justification for investigating assisted breeding techniques. For example, artificial insemination or in vitro fertilization (IVF) using frozen-thawed gametes and embryos could increase efficiency by reducing the number of sires required and extending the reproductive use of an individual well beyond its normal lifespan.
There is little information on the functionality of thawed, felid spermatozoa. Platz et al. (1978) reported the birth of kittens of domestic cats after vaginal artificial insemination of sedated females with thawed semen. Although the post-thaw sperm motility was >50%, pregnancy rate was <11%. Unfortunately, this type of strategy makes it impossible to identify the origin of repro¬ ductive inefficiency. Poor pregnancy rate in the study of Platz et al. (1978) could have been caused "Corresponding author.
by factors ranging from freeze-induced sperm damage to delayed ovulation related to anaesthesia use . Compared with artificial insemination, IVF provides more fundamental information about the impact of external variables on gamete function and sperm-egg interaction (Wildt, 1990) . Tigers are particularly attractive for such studies because an IVF system has already been developed that routinely results in >63% of inseminated eggs forming cleaved embryos in vitro (Donoghue et ai, 1990) . Tiger embryos generated by IVF have also resulted in live young (Donoghue et al., 1990) . The high efficiency of IVF in tigers, compared with that in other wild felids (Goodrowe et ai, 1989; Miller et al., 1989; Donoghue et al., 1992) , appears to be related to the ability of tigers to ejaculate semen containing high proportions of structurally normal spermatozoa of high motility (Donoghue et al, 1990; Wildt et ai, 1992) .
If gamete cryostorage is to be practical for assisting in the propagation of nondomestic species, it must be determined whether freeze-thawing compromises sperm function. This study assessed the ability of frozen-thawed tiger spermatozoa to bind, penetrate and fertilize eggs in vitro. Fresh and thawed sperm aliquots from tigers were cultured with conspecific, follicular eggs. Tiger spermatozoa were also incubated with domestic cat eggs stored in a hypertonic salt solution to confirm findings and to explore further the cross-species affinity of felid gametes . The latter eggs have been found useful for studying felid sperm capacitation (Andrews et ai, 1992) and fertility potential in species producing many sperm pleiomorphisms (Howard et ai, 1991a ).
Materials and Methods

Animals
Four adult (5-13 year old), male tigers (two of Panthera tigris altaica and two of P. t. tigris) served as sperm donors and six adult (5-11 year old) females (two of P. t. altaica and four of P. t. tigris) as egg donors. All males were of proven fertility (on the basis of live cubs sired) or had produced consistently high quality electroejaculates in a previous study (Donoghue et al., 1990) . Each tiger was housed separately with free access to an out-of-doors area (5-5 6-8 m2) during daylight; at night, each tiger was confined indoors in a 2-6 2-6 m2 enclosure. Each animal was fed a carnivore diet (Nebraska Brand Feline Diet, North Piatte, NE, USA) daily and provided with water ad libitum.
Collection, evaluation and cryopreservation of semen Ejaculates were collected using a standardized anaesthesia and electroejaculation technique reported previously (Wildt et al., 1983 (Wildt et al., , 1987 Howard et al., 1986b; Donoghue et al., 1990) . In brief, after inducing anaesthesia with ketamine hydrochloride (5-0 mg kg" ', i.m.; Vetalar: Parke-Davis, Detroit, MI, USA) and xylazine (0-5 mg kg~', i.m.; Rompun: Mombay Corp., KS, USA), a rectal probe with three longitudinal electrodes and an AC, 60 Hz sinewave ejaculator were used to deliver 80 electrical stimuli of 3-7 V over 20 min. Total ejaculate volume was recorded, and each semen sample was examined immediately ( 25) for subjective estimates of % sperm motility and status (forward progression) or the type of forward movement of the sperm cell based on a scale of 0 (no movement) to 5 (steady, rapid forward progression). A sperm motility index, an overall evaluation of sperm motility characteristics, was calculated as follows: ((% sperm motility) + (status rating 20))/2 (Howard el al., 1990 ). An aliquot of 10 µ of semen was used to calculate sperm concentration using a standard haemocytometer method (Howard et al., 1986b) . Detailed sperm morphology was evaluated after fixing a 25 µ aliquot in 1 % glutaraldehyde and examining 300 individual spermatozoa per male at magnification of 400 (Howard et al., 1986b) .
Each ejaculate was divided into two and half was used fresh for in vitro inseminations; the remainder was cryopreserved for use later in IVF attempts with thawed spermatozoa. Both aliquots were centrifuged (300 g for 8 min), and the supernatant was removed. The fresh aliquot was resuspended in Ham's FIO medium containing 10% fetal calf serum (Irvine Scientific, Santa Ana, CA, USA) and maintained at room temperature (23°C) for 1 h before use. The aliquot to be frozen was resuspended in 500 µ PDV-62 (Howard et al., 1986a) , a cryodiluent containing 20% egg yolk, 11% lactose and 4% glycerol and used previously for freezing spermatozoa of domestic cats (Platz et al., 1978) . For sperm resuspension, the cryodiluent was added slowly and mixed gently with the sperm pellet at room temperature. The mixture was equilibrated for 30 min at 5°C, then cooled rapidly on dry ice using a pelleting technique (Platz et al., 1978; Howard et al., 1986b) vitelli, tightly compacted corona radiata and cumulus cell masses were washed three times in fresh medium and cultured (38°C; 5% C02, 5% 02, 90% N2) in 0-5 ml Eagle's MEM containing 0-23 mmol pyruvate l"1, 1% FCS, 3 mg bovine serum albumin ml-1 and 1 pg ovine follicle-stimulating hormone (FSH) ml"1 (NIADDK-oFSH-17 AFP-6446C), 1 µg ovine luteinizing hormone (LH) ml"1 (NIADDK-oLH-25 AFP-5551B) and 25 µg oestradiol ml"1 (Sigma Chemical Co.) (Johnston et al., 1991c) . Cumulus cells were removed after maturation by transferring eggs to Eagle's MEM medium containing 0-2% hyaluronidase for 15 min (38°C) and were then mechanically pipetted. Eggs were washed and transferred to the hypertonic salt storage solution (Boatman et al., 1988; Andrews et al., 1992) containing 0-5 mol (NH4)2S04 I"1, 0-75 mol MgCl2 1 " ', 0-2 mmol ZnCl2 ', 0-1 mg polyvinylalcohol ml" ' and 40 mmol Hepes buffer 1" ' (pH 7-4). The stored cat eggs with zonae pellucidae intact were maintained at 5°C until the day of insemination.
Insemination of tiger eggs and assessment of fertilization and sperm longevity in vitro Mature eggs from an individual tiger were divided randomly into two groups and inseminated under oil with a 100 µ aliquot of a diluted suspension containing 005 IO6 motile, fresh or frozen-thawed spermatozoa. Ten eggs or fewer were used per 100 µ sperm drop, and the 35 10 mm2 culture dishes were placed in a 5% C02, 5% 02, 90% N2 humidified culture chamber at 38°C as described by Johnston et al. (1991b) . As a control, one representative mature egg from each collection was cultured under these conditions without spermatozoa. All eggs were removed from the incubator 18-20 h after insemination, washed three times in a 0-2% hyaluronidase solution for 3 min, returned to the incubator in 100 µ drops of fresh Ham's FIO and examined for cleavage 30 h after insemination.
The longevity of sperm motility in vitro was determined by maintaining drops containing 100 µ] of the diluted sperm suspension containing either fresh or thawed spermatozoa (under the IVF conditions) without eggs for 4 h after insemination. A 10 µ sample from each sperm drop was assessed every hour for % sperm motility and status, and these values were used to calculate sperm motility index profiles.
Embryo culture
The ability of tiger embryos generated from fresh versus thawed spermatozoa to develop further in vitro was determined by allowing embryos to grow in culture. After initial quality grading at 30 h after insemination, embryos were transferred into fresh Ham's FIO medium and examined for stage of development at 48 and 72 h.
Insemination and evaluation of stored, domestic cat eggs
The stored cat eggs were maintained at 5°C until the day of insemination, when they were rinsed and incubated twice (10 h per incubation) in standard IVF culture conditions consisting of Ham's FIO medium plus 5% FCS at 38°C, in 5% C02, 5% 02 and 90% N2 (Johnston et al., 1991a, b (Howard et ai, 1991a; Andrews et al., 1992) , each egg was examined for number of (i) spermatozoa bound to the zona pellucida, (ii) sperm heads less than half-way through the zona pellucida, and (iii) sperm heads greater than half-way through the zona pellucida. The zona pellucida of the felid egg is distinctly divided into a diffuse outer layer and a dense inner layer and evaluation of the degree of sperm head penetration through each layer is evident using DIC microscopy (Andrews et ai, 1992) (Fig. 2a) (Fig. la) , but sperm from male no. 3 maintained values >60 for only about 1 h after which motility decreased rapidly to zero. Although the mean sperm motility index at thawing differed by a value of only 11-3 in the fresh (87-8 + 2-7) versus thawed (76-5 + 1-9) groups at the time of insemination (P < 005), none of the thawed aliquots sustained a value >60 by 1 h later (Fig. lb) (Table 2) . Spermatozoa from all males could produce embryos in vitro (percentage IVF rates for fresh and thawed sperm among males were no. 1:78-9, 82-3; no. 2:72-7, 72-7; no. 3:16-6, 16-6; no. 4:100, 100, respectively). The poorest IVF rate involved male no. 3, which coincidentally produced the most acute decline in sperm longevity in vitro (Fig. la, b) .
Embryos produced by either sperm treatment developed in vitro at a comparable ( > 005) rate (Table 3) . Most contained 2-4 blastomeres at 30 h and 4-8 blastomeres at 48 h. By 72 h, more (P < 005) embryos had developed to the 16-cell stage in the thawed than in the fresh sperm group. Fig. 2a, b) Fig. 2a, b) . However, overall, a much higher (P < 005) proportion of cat eggs had tiger spermatozoa in the outer (86-6%) compared with the inner (40-3%) half of the zona pellucida. Neither the proportion of zona pellucida penetrated (range 55-6% for male no. 1 to 100% for male no. 4) nor the mean of spermatozoa in the outer (range 2-8 ± 1-7 for male no. 3 to 5-9 + 1-6 for male no. 2) or inner (range 0-2 + 01 for male no. 3 to 0.4 + 0-1 for male no. 2) half of the zona pellucida were influenced by individual male.
Discussion
Electroejaculate and ovarian egg characteristics and subsequent IVF rates using fresh spermatozoa were consistent with earlier results (Wildt et al., 1987 Byers et al, 1989; Donoghue et al, 1990) indicating that the animals and gametes used here were typical for the tiger species. The results demonstrated that a conventional egg yolk-lactose-glycerol cryodiluent combined with a semen pelleting technique could be used to recover sperm motility after thawing and permitted comparatively high rates of fertilization and embryo development in vitro. This occurred despite a reduction in sperm motility of 5-40% caused by freeze-thawing. The finding that IVF and subsequent embryo culture rates did not differ between the fresh and thawed sperm treatments suggested that tiger spermatozoa were relatively unaffected by this cryopreservation approach. We have speculated (Donoghue et al., 1990 ) that one reason that tiger spermatozoa interact so readily with eggs in vitro is related to their robustness and the lack of structural abnormalities commonly observed in other felid species (Wildt et ai, 1983 (Wildt et ai, , 1988 Howard et al., 1984; Miller étal., 1989; Donoghue et al., 1992) . In nonfelid taxa, cryopreservation can cause extensive gross and ultrastructural sperm damage that can markedly compromise fertility (Pursel et ai, 1972; Berndston et al., 1981) . Especially important is acrosomal damage, the incidence of which has been related to the freezing technique, cryodiluent used and the thawing procedure (Pursel et ai, 1972; Berndston et ai, 1981; Howard et al., 1991b) . (Byers et al., 1989) demonstrated that the motility of tiger spermatozoa frozen in straw containers in TEST extender decreases to < 6% within 2 h of thawing. We, therefore, chose the PDV-pelleting technique, proven effective in dogs (Platz & Seager, 1977) , cats (Platz et al., 1978) and ferrets (Howard et al., 1991b) . Although sperm motility declined more rapidly in the thawed than in the fresh sample (Fig. 1 ), spermatozoa were still motile 4 h after insemination and lived at least twice as long in vitro than in the earlier study of Byers et al. (1989) . Cryopreservation studies in other species, including the African elephant (Howard et ai, 1986a) and ferret (Howard et al., 1991b) , have demonstrated the superiority of the pelleting over the straw method. The cooling rate during freezing is one of the most important factors controlling cell viability (Mazur, 1985) . In the earlier tiger study of Byers et al. (1989) (Nagase & Niwa, 1963; Howard et ai, 1991b) , resulting in a shorter duration of the freezing point plateau and reduced sperm damage.
The proportion of tiger eggs fertilized with fresh or thawed spermatozoa from males that produced spermatozoa which lived for at least 4 h in culture was high (average, 72-4%) . However, sperm viability for male no. 3 in both the fresh and thawed groups and for male no. 4 in the thawed group, had decreased sharply 2 h after insemination. The poor survival rate of spermatozoa in vitro probably resulted in the low fertilization rate (average, 28-6%) . It was impossible to assess the impact of an individual male on results because only four males were evaluated and all produced high quality ejaculates. None the less, the ability of fresh versus thawed tiger spermatozoa to penetrate zona-free hamster eggs has been related to overall sperm survival (Byers et al., 1989) . When hamster eggs were inseminated with spermatozoa with a post-thaw motility rating of 40%, 7-6% of hamster eggs were penetrated. However, when spermatozoa were preincubated for 2 h, their motility decreased to < 10%, and the penetration rate was zero (Byers et ai, 1989) . In a recent study, we found a high correlation between the sperm motility index of freshly ejaculated cheetah spermatozoa at 3 h after insemination and the ability of cheetah eggs to be penetrated and fertilized (Donoghue et ai, 1992) . When eggs from individual cheetahs were separated into two groups and inseminated with spermatozoa from a male with a high ( > 40) versus a low ( < 40) sperm motility index, the mean fertilization rate was 64% versus 0%, respectively. In the present study, the high proportion of tiger eggs that were fertilized may have been the result of prolonged sperm motility (motile at least 1 h after thawing), optimal timing of insemination or both. It is premature to speculate about the exact interrelationship between spermatozoa motility and sperm-egg interaction; however, these in vitro bioassays will provide a valuable approach for more thorough studies.
As gamete cryopreservation is adapted to nondomestic felids, biocompetency tests of postthawed material will be mandatory. Although IVF using conspecific eggs could be a valuable predictor of ability to fertilize, this strategy is difficult to implement owing to the lack of availability of eggs from the rare species of interest. Recent studies have demonstrated cross-species egg penetration and fertilization between domestic cat and nondomestic felid gametes Howard et al., 1991a; Johnston et al, 1991c; Andrews et al, 1992) . Domestic cat spermatozoa cultured with eggs from six nondomestic felid species are capable of fertilization and, in some instances, cleavage to early-stage embryos in vitro (Johnston et al, 1991c) . Spermatozoa from leopard cats and cheetahs (Howard et al, 1991a) are also capable of binding and penetrating the zona pellucida of intact eggs from domestic cats in vitro. We observed that tiger spermatozoa could also bind and penetrate the zona pellucida of domestic cat eggs, thereby providing further evidence that in vitro gametes from different felid species readily interact. These findings suggest that the Felidae could serve as an excellent model taxon for further studies concerning zona pellucida receptor mechanisms associated with sperm penetration as well as cross-species limitations of sperm-egg interaction.
Embryos resulting from IVF with fresh or thawed tiger spermatozoa were capable of advancing in culture to the 16-cell or morula stage of development in vitro at a rate similar to our earlier observations in tigers (Donoghue et al, 1990) and domestic cats (Johnston et al, 1991a, b) . We observed embryo development at 24 h intervals; therefore, time points may have preceded or followed cleavage times of embryos by a few hours. None the less, it was interesting that embryos from the group fertilized with thawed spermatozoa developed slightly in advance of the group fertilized with fresh spermatozoa. This was particularly noticeable after 72 h in culture. Byers et al (1989) determined that freshly ejaculated tiger spermatozoa require a 2 h preincubation period before penetrating zona pellucida-free hamster eggs, whereas thawed spermatozoa can penetrate eggs immediately after insemination. The freeze-thaw process has been associated with partial or complete capacitation of spermatozoa and has been used to bypass insufficient capacitation of bovine spermatozoa in IVF studies (Parrish et al, 1986; Fukui et al, 1988) .
In summary, we used two types of fertilization assays to confirm the ability of frozen-thawed tiger spermatozoa to fertilize in vitro. The biological competency of these frozen cells remains to be determined by the production of live young. However, the high incidence of fertilization and
